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S U1.iLIARY 
Details additional to those discussed in College of 
Aeronautics Report No. 73 are given of the method developed for 
the calculation of the profile drag of bodies of revolution at 
supersonic speeds and zero incidence. The method has been applied 
to a particular body of fineness ratio 7.5 (see Fig. 1) for Liach 
numbers ranging frcc 1.5 to 5.0, Reynolds numbers ranging from 
106 to 108 and transition positions ranging from the nose to the 
tail end of the body. The calculations assume zero heat transfer. 
The results indicate that the overall difference in profile drag 
between fully laminar and fully turbulent flow decreases rapidly 
with mainstream Liach number and rather more rapidly than does the 
corresponding difference for a flat plate, and at Liach numbers 
greater than about 2 the profile drag of the body with fully 
turbulent flow is less than that of a flat plate (Fig. 14). 
However, the effects of rotation in the flow introduced by the 
nose shock and secondary effects on the development of the boundary 
layer caused by the modification of the external pressure distribu-
tion due to the boundary layer have not been taken into account 
in the main body of calculations and it appears that they may 
appreciably alter the calculated profile drag values for the high 
end of the Mach number range considered bringing the value for 
the body with fully turbulent flow nearer the flat plate value. A 
further comprehensive series of calculations covering a range of 
fineness ratios is planned in which allowance for these factors 
will be made. 
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LiPLIN NOTATION 
b 	 radius of base of body 
cf 	 local frictional stress coefficient in terms of 
o undisturbed stream values of velocity and density 
cf 	 local frictional stress coefficient in terms of density 
n and velocity just aft of nose shock (2' /p u2) 
v n n 
C 	 overall skin friction coefficient (based on surface area 
of body) 
form Crag coefficient (based on surface area of body) 
P 
CD 	 profile drag coefficient (CI, + CD  ) 
o - P 
C
P 	




C1110 	 pressure coefficient for aft body 
r 
-Pb)/Pb.1 
D maximum diameter of body 
F(x),G(x) functions defined in equation (9) (see also Ref. 1) 
f, g 	 function defined in equation (2) (see also Ref. 8) 
h(lJ oR0) 	 function given in Ref. 1 (Fig. 2) 
H ratio of displacement thickness to momentum thickness 
of boundary layer (5*/e) 
K hypersonic similarity parameter (II
o
D/L) 
L linear dimension used in K, e.g. length of head (Lft) 
or aft body (TO 
Mach number 
1 	 overall length of body 
p  	 p r e s s u r e  
P b  	
p r e s s u r e  j u s t  i n  f r o n t  o f  a f t  b o d y  
r
o  	
r a d i u s  o f  c r o s s  s e c t i o n  o f  b o d y  
R e y n o l d s  n u m b e r  
d i s t a n c e  m e a s u r e d  a l o n g  m e r i d i a n  p r o f i l e  f r o m  n o s e / 1  
2 -   
S  	
s u r f a c e  a r e a  o f  
b o d y , /  
t  	 s e e  F i g .  1 ( d )  
u  	
v e l o c i t y  c o m p o n e n t  p a r a l l e l  t o  s u r f a c e  o f  b o d y  
x  	
a x i a l  d i s t a n c e  m e a s u r e d  f r o m  n o s e / 1  
y  	 d i s t a n c e  m e a s u r e d  n o r m a l  t o  m e r i d i a n  p r o f i l e / /  
x H  	
n o n - d i m e n s i o n a l  a x i a l  d i s t a n c e  f o r  h e a d ,  i . e .  x / / L t i   
a x i a l  d i s t a n c e  f o r  a f t  b o d y  m e a s u r e d  f r o m  b e g i n n i n g  
o f  a f t  b o d y / i  
r a t i o  o f  s p e c i f i c  h e a t s ,  a s s u m e d  e q u a l  t o  1 . 4  
e f f e c t i v e  i n c r e a s e  o f  c r o s s  s e c t i o n a l  r a d i u s  d u e  t o  
b o u n d a r y  l a y e r  
8  	 b o u n d a r y  l a y e r  t h i c k n e s s  
0  
	 m o m e n t u m  t h i c k n e s s  o f  b o u n d a r y  l a y e r  ( s e e  e q u a t i o n  
3 )  
5 *  	 d i s p l a c e m e n t  t h i c k n e s s  o f  b o u n d a r y  l a y e r  l s e e  R e f .  1 )  
g e n e r a l i s e d  F o h l h a u s e n  p a r a m e t e r  ( s e e  e q u a t i o n  4 )  
c o e f f i c i e n t  o f  v i s c o s i t y  
e x p o n e n t  i n  t e m p e r a t u r e  v i s c o s i t y  
r e l a t i o n  
F r a n d t l  n u n l b e r  
a n g l e  b e t w e e n  t a n g e n t  t o  m e r i d i a n  p r o f i l e  a n d  a x i s  
a n g l e s  r e q u i r e d  f o r  e q u i v a l e n t  o g i v e  o f  c u r v a t u r e  
m e t h o d  ' , R e f .  7 ) ,  s e e  e q u a t i o n  1 4 .  
s u f f i x  o  r e f e r s  t o  u n d i s t u r b e d  s t r e a m  v a l u e s  
s u f f i x  1  r e f e r s  t o  l o c a l  v a l u e s  j u s t  o u t s i d e  t h e  b o u n d a r y  l a y e r  
s u f f i x  n  r e f e r s  t o  v a l u e s  a t  n o s e  j u s t  a f t  o f  n o s e  s h o c k  
s u f f i x  w  r e f e r s  t o  v a l u e s  a t  t h e  s u r f a c e  
s u f f i x  H  r e l a t e s  t o  t h e  f o r e b o d y  o r  h e a d  
s u f f i x  B  r e l a t e s  t o  t h e  b o a t - t a i l  a f t  b o d y  
s u f f i x  L  r e l a t e s  t o  l a m i n a r  f l o w  
s u f f i x  T  r e l a t e s  t o  t u r b u l e n t  f l o w  
s u f f i x  
6  
r e l a t e s  t o  t h e  e f f e c t i v e  s h a p e  a l l o w i n g  f o r  d i s p l a c e m e n t  
d u e  t o  t h e  b o u n d a r y  l a y e r .  
1. Introduction 
In College of Aeronautics Report No. 731 the analysis 
was developed for calculating the profile drag of aerofoils and 
bodies of revolution at supersonic speeds. This present paper 
is concerned with the details of the application of that analysis 
to bodies of revolution of the type illustrated in. Fig. 1 having 
circular arc ogival heads, cylindrical centre sections and para-
bolic boat tailed aft-bodies, and the results obtained for one 
body of fineness ratio 7.5 whose geometry is given in more detail 
in the Appendix. These calculations cover free stream 3Jach 
numbers of 1.5, 2.5 and 5.0, Reynolds numbers of 106, 107, and 
2 108 and with transition positions at 0, 3 
 1 and 1 from the 
nose where 1 is the overall body length. A later paper will 
give the results of comprehensive calculations covering a range 
of fineness ratios. 
The term profile drag is here used (as in Report No. 73) 
to denote the drag that arises from the viscosity of the medium, 
and is thus the sum of the skin friction drag and the change in 
the wave drag clue to the presence of the boundary layer. 
	 This 
latter contribution to the profile drag is referred to as the 
form drag. The analysis therefore involves the determination of 
the development of the boundary layer in the laminar and turbulent 
states, and the associated change in pressure distribution from 
that given by inviscid flow theory due to the effective displace-
ment of the body surface arising from the presence of the boundary 
layer. 
The following assumptions are made:- 
(i) The heat transfer is zero. 
(ii) There is no separation of the boundary layer from the 
body. 
(iii) The value of the Prandtl number (a) is taken to be 0.72. 
(iv) The value of y is taken to be 1.40. 
(v) The value of the exponent (w) of the viscosity - tem-
perature relation (p = const. T(1)  is 8/9. 
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2 .  
D e t a i l s  o f  t h e  m e t h o d  
 o f  a n a l y s i s  
2 . 1 .  
P r e s s u r e  d I s t r i b u t i o n  
B e f o r e  t h e  d e v e l o p m e n t  o f  t h e  b o u n d a r y  l a y e r  c a n  b e  
f o l l o w e d  t h e  p r e s s u r e  d i s t r i b u t i o n  o n  t h e  b o d y  m u s t  b e  d e t e r m i n e d ,  
i n  t h e  f i r s t  i n s t a n c e  f o r  i n v i s e i d  f l o w .  
S i n c e  i t  i s  u l t i m a t e l y  i n t e n d e d  t o  c o n s i d e r  a  n u r s e r  
o f  b o d i e s  o f  d i f f e r e n t  f i n e n e s s  r a t i o  i t  i s  c o n v e n i e n t  t o  m a k e  
u s e  o f  t h e  h y p e r s o n i c  s i m i l a r i t y  l a i .
2
'
3  T h i s  l a w  s t a t e s  t h a t  
s u b j e c t  t o  c e r t a i n  l i m i t a t i o n s  o f  f i n e n e s s  
r a t i o  a n d  H a c h  n u m b e r  
s i m i l a r l y  s h a p e d  b o d i e s  o f  r e v o l u t i o n  a t  z e r o  i n c i d e n c e  h a v e  t h e  
s a m e  n o n - d i m e n s i o n a l  p r e s s u r e  d i s t r i b u t i o n s  a t  t h e  s a m e  v a l u e  o f  
t h e  p a r a m e t e r  K  =  3 1 0 / L I  	 h ic l   i s  t h e  u n d i s t u r b e d  s t r e a m  
H a c h  n u m b e r ,  D  i s  t h e  m a x i m u m  b o d y  d i a m e t e r  a n d  L  i s  t h e  b o d y  
l e n g t h  w h i c h  m i g h t  i n  t h i s  c o n t e x t  b e  t h a t  o f  t h e  h e a d  o r  b o a t  
t a i l  a l o n e  t i . e .  L
H  
 o r  I L
) .  C u r v e s  o f  t h e  p r e s s u r e  c o e f f i c i e n t  
a g a i n s t  K  f o r  v a r i o u s  p o s i t i o n s  d o w n s t r e a m  f r o m  t h e  n o s e  w e r e  
t h e r e f o r e  c o n s t r u c t e d .  
T o  o b t a i n  t h e  p r e s s u r e  d i s t r i b u t i o n s  o v e r  t h e  f o r e b o d y  
t h e  d a t a  f r o m  R e f .  3  w e r e  u s e d .  T h e  r e l e v a n t  c u r v e s  a r e  
r e p r o d u c e d  i n  F i g .  2  w h e r e  K H   i s  t h e  h y p e r s o n i c  p a r a m e t e r  w i t h  
t h e l l e n , 9 1 e r i g t h l t a s r e f e r e l a c e b o d Y l e n g t h a r l a g = 7 ( 1
3 - 10 0 ) 6 0 .  
P o   
F o r  t h e  c e n t r e  s e c t i o n  t h e  d a t a  o f  R e f .  3  f o r  a  c y l i n d e r  
f o l l o w i n g  a n  o g i v a l  h e a d  
w e r e  p l a u s i b l y  e x t e n d e d  a n d  a r e  s h o w n  i n  
F i g .  3  i n  t h e  f o r m  u s e d  f o r  t h e s e  
c a l c u l a t i o n s .  
F o r  t h e  b o a t  t a i l e d  a f t - b o d y  t h e  r e s u l t s  o f  t h e  c a l c u l a -
t i o n s  b y  F r a e n k e l 4  
 w e r e  u s e d ,  s u p p l e m e n t e d  f o r  o t h e r  v a l u e s  o f  
K B  
 b y  c a l c u l a t i o n s  u s i n g  V a n  D y k e ' s  s e c o n d  o r d e r  t h e o r y .
5  
T h e  
s y m b o l  K
B   h e r e  d e n o t e s  t h e  
h y p e r s o n i c  p a r a m e t e r  
	
t h e  t a i l  
l e n g t h  a s  r e f e r e n c e  b o d y  l e n g t h .  I t  s h o u l d  b e  n o t e d  t h a t  f o r  
s u c h  c a l c u l a t i o n s  t h e  c o n d i t i o n s  a t  t h e  e n d  o f  t h e  c e n t r e  s e c t i o n  
a r e  a s s u m e d  t o  b e  
t h e  s a m e  a s  
t h e  f r e e  s t r e a m  c o n d i t i o n s .  C o n -
s e q u e n t l y ,  t h e  n o n - d i m e n s i o n a l  p r e s s u r e s  a r e  g i v e n  i n  t h e  f o r m  o f  
C  =  1 0 - pi o ) / p b ,  w h e r e  p
b ,  
 i s  t h e  p r e s s u r e  i m m e d i a t e l y  a h e a d  o f  
t h e  
a f t - b o d y .  T h e  r e s u l t s  o f  t h e  c a l c u l a t i o n s  a r e  s h o w n  i n  
F i g .  4 .  
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It was initially hoped that with a Mach number range 
of 1.5 to 5.0 the pressure distribution for any overall fineness 
ratio between about 7.5 and 11 could be found with acceptable 
accuracy for the purpose of profile drag estimation fran Fig. 2, 
3 and 4. However, the effects of rotation in the flow introduced 
at the nose shock have not been included in the calculations of 
Ref. 3 on which Fig. 2 and 3 are based. Subsequent to the 
completion of much of the work described in this paper the 
attention of the authors was drawn to Ref. 6 in which allowance 
for rotation effects is made and it is clear that these effects 
can be appreciable for values of KII >1.0 and therefore for the 
body considered at llach nuvbers greater than 2.5. For the 
purpose of profile drag estimation their significance will be 
clearly less than for the estimation of wave drag, nevertheless 
it is intended to investigate this point and subsequent calcula-
tions that are planned will be made with allowance for rotation 
effects on the pressure distribution. 
2.2. The laminar boundary layer  
From Ref. 1 (equation 33) we have that the laminar 
boundary layer momentum thickness, 0, at any station si  can be 




, a1 g-1 2 p,u, 	 r .da 
R .f u 
ri • 	 0 
O O.11. 0 (1) 
where p1  and u1  are the velocity and density just outside the 
boundary layer, respectively, made non-dimensional in terms of 
the corresponding quantities (pn,un) just aft of the nose shock 





n Rh - /In 
where 1 is the overall length of the body. 
The distance ES is measured along a Aeridian profile of the 
body and is made non-dimensional by dividing by 1. The functions 
f and g are given by 
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f  =  9 . 0 7 2  
	
1  	 0 . 3 6 5 ( y - 1 )  L I  
g  
 =  9 . 1 8  +  1 „ 4 _ 3 6  	 -  
( y - 1 )   0. z  1, 1 2  It  
2  
w h e r e  
H n  
 i s  t h e  L i a c h  n u m b e r  j u s t  a f t  o f  t h e  n o s e  s h o c k  a t  
t h e  
n o s e  o f  t h e  
b o d y .  
T h e  m o m e n t u m  t h i c k n e s s  0  i s  d e f i n e d  
b y  
( 8   
=  	
- E l -  	
I  4 .  ;Y- - :  	 C o s  ' i ". 4 1  	
1 4 )  
	
. . ( 3 )  
1  	
P 1 1 1 1  	
r
o  	
u 1  
w h e r e  y  
i s  m e a s u r e d  n o r m a l  t o  t h e  b o d y  s u r f a c e ,  8  i s  t h e  
b o u n d a r y  l a y e r  t h i c k n e s s ,  r
o   i s  t h e  r a d i u s  o f  c r o s s - s e c t i o n  o f  
t h e  b o d y ,  a n d  	 i s  t h e  a n g l e  b e t w e e n  t h e  t a n g e n t  t o  t h e  m e r i d i a n  
o f  t h e  b o d y  a n d  t h e  a x i s .  A l l  d i s t a n c e s  a r e  m a d e  n o n - d i v i e n s i o n a l  
i n  t e r m s  o f  t h e  b o d y  l e n g t h  1 .  
T h e  r e l a t i o n  b e t w e e n  s  a n d  t h e  n o n - d i m e n s i o n a l  a x i a l  
d i s t a n c e ,  x ,  i s  g i v e n  b y  
• _ .  
c p c  
 
C d r  
5   =  
	 m o o , ;  
 
2  
.  ( i x  .  
0  0  
G i v e n  t h e  s h a p e  o f  t h e  b o d y  a n d  t h e  p r e s s u r e  d i s t r i b u t i o n  t h e  
q u a n t i t i e s  p i   m a ul   a s  f u n c t i o n s  o f  s ( o r  x )  c a n  b e  r e a d i l y  
e v a l u a t e d  o n  t h e  a s s u m p t i o n  c f  i s e n t r o p i c  f l o w  o u t s i d e  t h e  
b o u n d a r y  l a y e r  a f t  o f  t h e  n o s e  s h o c k .  H e n c e  f r o m  e q u a t i o n  ' K l )  
t h e  d i s t r i b u t i o n  o f  0  a l o n g  t h e  b o d y  c a n  b e  d e t e r m i n e d .  
T h e  s k i n  f r i c t i o n  d i s t r i b u t i o n  c a n  t h e n  b e  o b t a i n e d  
f r o m  ( e q u a t i o n  3 4 ,  R e f .  i )  
2 T  
( A
+  1 2 ) u 1   
C ,  =  
n u  
2  -  3  
R
n
. f . 0  
w h e r e  
t i w  
i s  
t h e  f r i c t i o n a l  s t r e s s
l a n d  
d u i  	
2  9  
n  
A  =  	




p l i l
w !  
T h e  w a l l  v a l u e  o f  t h e  v i s c o s i t y ,  i s .1 r ,  
i s  g i v e n ,  w i t h  t h e  a s s u m p -
t i o n s  m a d e ,  b y  t h e  f o r m u l a  
	 O f )  
1w  =  
2  
u  ( 0- 2 -  
 
( 5 )  
 
The contribution of the skin friction in the laminar boundary 
layer to the overall skin friction coefficient is then 
. x 
21t I T  
= PL 	











 i s the surface area of the body, and suffix o 
relates to quantities in the undisturbed  stream and suffix T to 
the transition. point. 
From the derived distribution of 0 the distribution 
of the displacement thickness can be Obtained using the relations 
5*  = H.0 
where 
= 2.5 _ 0.277 h 
2 
2,3. The turbulent boundary  layer  
From eouation  (36)  of Ref. 1, and taking the recommended 
values of n and C2 (6 and 0.00878, respectively) for the 
range of Reynolds number considered we have 
-1/5 1.  
6 
0.010536 Rh 	 G(x)ro6/5  err); 
• 
,T 	
xT 	 ; 
r vri 
 






   
exp 5  -6- F(x) Is- • . 	 dx 	 ` 
4,1  
and the skin friction coefficient is given by (eouation 37, Ref. 1) 
-1/5 
cf = 0.01756 Rn 	 p1t4 G(x) e-1/5 
1 
where 	 F(x) = at
du1 
 
-T- 	 — (H+2) - ui  
f 	 ' -1/5 
G(X) = ( 	 h(:1 ,R) 
and the functions h(li1/R) and H are given in Fig. 2 and 5 of 
(8) 
Ref. 1. 
F r o m  t h e  d i s t r i b u t i o n  o f  0  t h e  d i s t r i b u t i o n  o f  t h e  
d i s p l a c e m e n t  t h i c k n e s s  8
*   i s  r e a d i l y  o b t a i n e d  f r o m  t h e  r e l a t i o n  
s *  =  
H . O .  
 
T h e  c o n t r i b u t i o n  o f  t h e  s k i n  f r i c t i o n  i n  t h e  t u r b u l e n t  b o u n d a r y  
l a y e r  t o  t h e  o v e r a l l  s k i n  f r i c t i o n  c o e f f i c i e n t  i s  
t ° 2  
 
p n . u n   
C




o  2  
. X
T  	
. . .  
I  	 P o  u i  
	 (  o )  
2 . 3 .  T h e  f o r m  d m ? ,  
I t  i s  s h o w n  i n  R e f .  t h a t  t h e  e f f e c t  o f  t h e  b o u n d a r y  
l a y e r  o n  t h e  e x t e r n a l  f l o w  c a n  b e  t a k e n  a s  e q u i v a l e n t  t o  t h a t  o f  
( l i h l a c i n g  t h e  s u r f a c e  o u t w a r d s  t h r o u g h  a  d i s t a n c e  e  n o n a a l  t o  
i t s e l f  w h e r e  e  i s  r e l a t e d  t o  t h e  d i s p l a c e m e n t  t h i c k n e s s  8
*   b y  
t h e  e q u a t i o n
x   
c 2  
0  
=  e  +  
a r
o  
7 e  t h e r e f o r e  r e q u i r e  t o  d e v e l o p  a  m e t h o d  o f  a c c e p t a b l e  a c c u r a c y  
f o r  c a l c u l a t i n g  t h e  
c h a n g e  
i n  t h e  e x t e r n a l  p r e s s u r e  d i s t r i b u t i o n  
d u e  t o  t h i s  d i s p l a c e m e n t  o f  t h e  s u r f a c e  w h i c h  m a y b e  a s s u m e d  t o  
b e  s m a l l  e x c e p t  p e r h a p s  o v e r  t h e  t a i l .  
T h e  m e t h o d  a d o p t e d  i s  a s  f o l l o w s .  C o n s i d e r  t h e  h e a d  
f i r s t ;  i f  w e  w e r e  t o  a p p l y  t h e  e q u i v a l e n t o g i v e  o f  c u r v a t u r e '  
m e t h o d  o f  B o l t o n - S h a w  a n d  Z i e n k i e w i c z 7   t o  t h e  d i s p l a c e d  s h a p e ,  
w h i c h  w e  w i l l  d e n o t e  b y  s u f f i x  c ,  t h e n  a t  e a c h  p o i n t  w e  w o u l d  
r e q u i r e  t o  d e t e r m i n e  t h e  e q u i v a l e n t  h y p e r s o n i c  
p a r a m e t e r ,  l c  
a n d  t h e  e q u i v a l e n t  d i s t a n c e  d o w n s t r e a m  f r o m  t h e  n o s e  x
H e  
a b  
m a n s  o f  t h e  f o r m u l a e  
( s e e  
R e f .  7 )  
I C H  
 =  2  Ho  
 t a n  
2  
	 (  2 )  
/ a n d  . . .  
m  T h e  d i s t a n c e  c  i s  h e r e  n o n - d m e n s i o n a l  i n  t e r n s  o f  t h e  
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The angles AL and 6  are defined in terms of the 
ordinate r
o 
 , and its derivatives with respect to x by the 
formulae 
1 + r'2 + r .r" 
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	 de 
= tan-1 r' 	 = tan 	 2 I  + 
ro  (Ix 
Y,Te then write 
KH  = IcH 	 KH  
E 
XH  = XH  - }BFIe p 
and assuming that the corresponding pressure change is small we 
have 
i 80 	 .1 
C
Po 
= ! a , 
	
a xi"- 	 H ' 
• ,, 
ac
i a x 
8C 
where the quantities a 	 and i 	 P°  are determined from \ H 
the curves of Fig. 2, 
The form drag contribution of the head is then given by 










„dx 	 (16) 
P 	 yS Sao j 
For the form drag contribution of the aft-body a 
similar though somewhat more complicated method is used. It 
was assumed that the displaced profile is parabolic in form like 
the actual profile finishing with a base radius of cross-section 
equal to 5/9 the maximum radius of cross-section. Since the 
displacement c will grow more rapidly over the forward portion 
of the tail than r decreases d(r
o
+6)/dx is zero at some point 
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(13 ) 




b u t  w e  h e r e  n o t e  t h a t  
P c  Po e  	
P  -  P b   
x
e 1  
d o w n s t r e a m  o f  t h e  b e g i n n i n g  o f  t h e  t a i l  ( s e e  F i g .  1 d ) .  T h e  
d i s p l a c e d  t a i l  m u s t  t h e r e f o r e  b e  a s s u m e d  t o  b e g i n  a t
.  
 t h i s  p o i n t .  
: , r i t i n g  I t  f o r  t h e  e f f e c t i v e  l e n g t h  o f  t h e  d i s p l a c e d  t a i l ,  D  
f o r  i t s  m a x i m u m  d i a m e t e r  a n d  t  f o r  i : h e  l e n g t h  o f  t h e  a c t u a l  
t a i l  m i n u s  x
e 1  
( a l l  l e n g t h s  b e i n g  m a d e  n o n - d i m e n s i o n a l  i n  t e r m s  
o f  l  t h e  o v e r a l l  l e n g t h  o f  t h e  b o d y )  t h e n  w e  h a v e  f r o m  t h e  
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- 2 b e )  
	 ( 1 7 )  
w h e r e  b
e  
i s  t h e  r a d i u s  o f  c r o s s - s e c t i o n  o f  t h e  d i s p l a c e d  p r o f i l e  
i n  t h e  p l a n e  o f  t h e  b a s e  o f  t h e  a c t u a l  p r o f i l e .  I t  f o l l o w s  t h a t  
h a v i n g  d e t e r m i n e d  D
e
,   b
e  
 a n d  x
c 1  
a n d  t h e r e f o r e  t  w e  c a n  
c a l c u l a t e
A b E  
 .  T h e  c o r r e s p o n d i n g  h y p e r s o n i c  p a r a m e t e r  i s  t h e n  
g i v e n  b y  
L B c  
K B c  =  	
D
e  
	 ( 1 8 )  
w h e r e  H  i s  h a c h  n u m b e r  o f  t h e  f l o w  j u s t  o u t s i d e  t h e  b o u n d a r y  
l a y e r  a t  t h e  p o i n t  x c i ,  w h i l s t  t h e  c o r r e s p o n d i n g  f r a c t i o n a l  
d i s t a n c e  d o w n s t r e a m  f r o m  t h e  b e g i n n i n g  o f  t h e  e f f e c t i v e  t a i l  i s  
x B E  =  ( x B L B  x e l ) / t e  
	 ( 1 9 )  
W r i t i n g  
I \  K B  =  K B e  
K B  
a n d  
x 1 3  =  x B c  
x B  
w e  h a v e  
3 C  	 ' 1  	
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w h e r e  D .  	 i s  t h e  p r e s s u r e  a t  x
c i .  
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The effect of the displace:lent on the pressure fram just 
aft of the head to the point xe  may with reasonable accuracy be 
Obtained on the assumption that it is the same as that in a simple 
wave flow i.e. 
—2 
P 	 dE 




and in particular this formula enables us to determine the pressure 
Pbc at the point x
el for substitution in equation (22). The 
contribution of the aft-body to the form drag coefficient is finally 
A. 	 dr 
; 	
/rx 	 L--12 	 r 	 dx 	 (24) 2 	 p
o 
• dx • o•  
P'B 	 YS 	 IB 
where /3  is the distance from the nose of the body to the 
beginning of the tail made non-dimensional in terms of the body 
length 1. 
The total form drag coefficient is then 
CD 	 = :i% C ' 	 (\ C D 	 D i • 
P' H 	 • • 	 P 
It will be appreciated that if the calculated change of 
pressure over the body due to the boundary layer is large then 
the calculations of the boundary layer development should be 
repeated with the modified pressure distribution leading to a new 
value of the form drag and so on, until successive calculated 
changes in the pressure distribution due to the boundary layer 
Txoduce negligible changes in the form drag. 
3. Results and Discussion 
3.1. Hach number and pressure distribution 
Fig. 5 shows the calculated inviscid flow distribution 
of Hach number over the body considered for main stream Ilach 
(25) 
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n u m b e r s  o f  1 . 5 ,  2 . 5  a n d  5 . 0 .  I t  w i l l  b e  n o t e d  t h a t  i n  a l l  c a s e s  
t h e  l o c a l  M a c h  n u m b e r  w a s  s o m e w h a t  h i g h e r  t h a n  t h e  m a i n  s t r e a m  
v a l u e  o v e r  t h e  c e n t r e - b o d y  a n d  a f t - b o d y .  
T h e  c o r r e s p o n d i n g  c a l c u l a t e d  p r e s s u r e  d i s t r i b u t i o n s  a r e  
s h o w n  i n  F i g .  
6 .  
T h e  r a p i d  i n c r e a s e  i n  t h e  m a g n i t u d e  o f  t h e  
n e g a t i v e  p r e s s u r e  g r a d i e n t  o v e r  t h e  h e a d  w i t h  i n c r e a s e  o f  m a i n  
s t r e a m  M a c h  n u m b e r  i s  n o t e w o r t h y .  
3 . 2 .  S k i n  f r i c t i o n  r e s u l t s   
T h e  o v e r a l l  s k i n  f r i c t i o n  r e s u l t s  a r e  s h o w n  p l o t t e d  i n  
d i f f e r e n t  w a y s  i n  F i g .  8 ,  9  a n d  1 0  t r e a t i n g  m a i n  s t r e a m  M a c h  
n u m b e r ,  t r a n s i t i o n  p o s i t i o n  a n d  R e y n o l d s  n u m b e r  a s  i n d e p e n d e n t  
v a r i a b l e s  a n d  t h e  r e s u l t s  a r e  a l s o  g i v e n  i n  T a b l e  T .  P e r h a p s  t h e  
m o s t  s t r i k i n g  f e a t u r e  o f  t h e s e  r e s u l t s  i s  t h e  f a c t  t h a t  t h e  
d i f f e r e n c e  b e t w e e n  t h e  c a l c u l a t e d  v a l u e s  o f  s k i n  f r i c t i o n  f o r  f u l l y  
l a m i n a r  a n d  f u l l y  t u r b u l e n t  f l o w  d e c r e a s e s  r a p i d l y  w i t h  i n c r e a s e  o f  
M a c h  n u m b e r  a n d  d e c r e a s e  o f  R e y n o l d s  n u m b e r  a n d  i s  a l m o s t  n e g l i g i b l e  
i n  t h e  c a s e  1 1  =  5 ,  R  =  1 0
6
.  
I n  F i g .  1 1  t h e  r e s u l t s  f o r  




=  1 0
6
,  1 0  a n d  1 0
8  
a r e  c o m p a r e d  w i t h  t h e  c o r r e s p o n d i n g  r e s u l t s  
f o r  a  f l a t  p l a t e  a n d  i t  w i l l  b e  s e e n  t h a t  w h i l s t  t h e  c l i f f e r e n c e  i n  
t h e  s k i n  f r i c t i o n  f o r  f u l l y  l a m i n a r  a n d  f u l l y  t u r b u l e n t  f l o w  a l s o  
d e c r e a s e s  m a r k e d l y  f o r  t h e  f l a t  p l a t e  t h e  d e c r e a s e  i s  n o t  q u i t e  s o  
g r e a t  a s  f o r  t h e  b o d y .  I n d e e d  t h e  s k i n  f r i c t i o n  d r a g  o f  t h e  b o d y  
w i t h  f u l l y  t u r b u l e n t  f l o w  i s  l e s s  t h a n  t h a t  o f  t h e  f l a t  p l a t e  f o r  
E a c h  n u m b e r s  g r e a t e r  t h a n  a b o u t  2 .  
F i g .  7  
s h o w s  t h e  d i s t r i b u t i o n s  o f  s k i n  f r i c t i o n  o v e r  t h e  
b o d y  i n  t h e  c a s e s  o f  f u l l y  l a m i n a r  a n d  f u l l y  t u r b u l e n t  f l o w  a t  a  
R e y n o l d s  n u m b e r  o f  1 0
b  
 a n d  f o r  1 1
0  
 =  1 . 5 ,  2 . 5  a n d  5 . 0  a n d  i t  
w i l l  b e  s e e n  t h a t  w h e r e a s  i n  t h e  f u l l y  l a m i n a r  c a s e  t h e  s k i n  
f r i c t i o n  o v e r  t h e  h e a d  s h o w s  a  m a r k e d  i n c r e a s e  w i t h  1 1  w i t h  a  
0  
s m a l l  d e c r e a s e  o v e r  t h e  c e n t r e - b o d y  a n d  a f t - b o d y ,  i n  t h e  f u l l y  
t u r b u l e n t  c a s e  t h e r e  i s  a  m a r k e d  d e c r e a s e  i n  s k i n  f r i c t i o n  w i t h  
i n c r e a s e  o f  
R
i o  
o v e r  a l m o s t  a l l  t h e  b o d y  e x c e p t  t h e  f o r w a r d  h a l f  
 
o f  t h e  h e a d .  
I t  a p p e a r s  t h a t  t h e  i n c r e a s e  i n  s k i n  f r i c t i o n  w i t h  i s  
o v e r  t h e  h e a d  i n  t h e  l a m i n a r  c a s e  r e s u l t s  l a r g e l y  f r o m  t h e  g r e a t e r  
i m p o r t a n c e  t h a t  t h e  p o s i t i v e  v e l o c i t y  g r a d i e n t  t h e r e  p l a y s  i n  t h e  
laminar than in the turbulent case.x 
 Further, it is a consequence 
of the large velocity gradient over the nose that the laminar skin 
friction coefficient of the body is somewhat higher than that of a 
flat plate. The cause of the very marked fall of the skin fric-
tion over the major part of the body with increase of 110  with 
fully turbulent boundary layer is rather more difficult to assess 
closely. Inappreciable fall may be expected since it is 
inherent in the basic flat plate results on which the calculations 
are founded but we see from Fig. 7 that the calculated reduction 
is considerably greater than that for a flat plate. Referring 
to Fig. 6 ae see that over much of the body the local Mach number 
is somewhat higher than the main stream value and so we may 
expect the flat plate reduction of skin friction with 110  to be 
somewhat magnified. Further the local values of Fal ui  to which 
the local akin friction coefficient is proportional) falls with 
increase of 11(1 in the range of Mach numbers covered. ',"ie might 
therefore expect the skin friction in the turbulent case for the 
body to decrease with Mach number somewhat more rapidly than on a 
flat plate but the actual rate of decrease is nevertheless sur-
prisingly high. However, relevant to this point are the correc-
tions that will need to be made in the extreme cases of high Mach 
number and low Reynolds number for secondary effects of the 
boundary layer on the pressure distribution reacting back on the 
boundary layer development and also for the effects of rotation. 
The possible effects of these corrections are discussed in §3.5 
where it is concluded that they may appreciably modify the picture 
at high Mach  numbers bringing the body and flat plate skin friction 
values for fully turbulent flow into closer agreement. 
3,3. Form drag results  
The results of the form drag calculations are shown 
in Fig. 12 and Fig. 13 illustrates a 'carpet' plot for the case 
:o 
5. The results are also given in Table II. 
The general variations of form drag with transition 
position and Reynolds number are as described in Ref. i but the 
overall increase with Pao is at first sight surprising. This 
/appears .6. 
x In the momentum equation the term dui/de is multiplied by 
(H4-2-11) and H for the laminar boundary layer is almost twice as 
great as H for the turbulent boundary layer at any given Mach number. 
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a p p e a r s  t o  b e  r e l a t e d  t o  t h e  f a c t  t h a t  w h e r e a s  t h e  b o u n d a r y  l a y e r  
c a u s e s  a n  i n c r e m e n t  i n  p r e s s u r e  o v e r  t h e  h e a d  w h i c h  i n c r e a s e s  
f a i r l y  r a p i d l y  w i t h  M a c h  n u m b e r  i n  t h e  r a n g e  c o v e r e d ,  t h e  c o r r e s -
p o n d i n g  p r e s s u r e  i n c r e m e n t  o v e r  t h e  t a i l  i n c r e a s e s  f a r  l e s s  r a p i d l y  
w i t h  M a c h  n u m b e r .  T h e  r e a s o n  f o r  t h i s  c a n  b e  s e e n  f r o m  F i g .  2  
a n d  4  w h e r e  i t  w i l l  b e  n o t e d  t h a t  t h e  q u a n t i t i e s  
( a c P o  / 0 K , )  a n d  
( a c
P  
 / d x , H )  f o r  t h e  h e a d  a r e  c o n s i d e r a b l y  g r e a t e r  t h a n  t h e  c o r r e s -  
p o n d i n g  q u a n t i t i e s  
( 3 0 1 1 1 D  
 / O K B )  a n d  ( a c
P  
 / a x B )  f o r  t h e  t a i l .  
i o   
C h a n g e s  o f  M a c h  n u m b e r  r e s u l t  m o s t  d i r e c t l y  i n  c h a n g e s  o f  t h e  
h y p e r s o n i c  p a r a m e t e r s  K H   a n d  K B   a n d  a l s o  i n  s a m e  c h a n g e s  i n  t h e  
p o s i t i o n  p a r a m e t e r s  x
H  
 a n d  x B ,  a n d  t h e  n e t  e f f e c t  i s  t h a t  t h e  
p o s i t i v e  f o r m  d r a g  c o n t r i b u t i o n  o f  t h e  h e a d  i n c r e a s e s  m o r e  r a p i d l y  
w i t h  M a c h  n u m b e r  t h a n  d o e s  t h e  n e g a t i v e  f o r m  d r a g  c o n t r i b u t i o n  
o f  t h e  t a i l .  
3 . 4 .  
P r o f i l e  d r a g  r e s u l t s   
T h e  p r o f i l e  d r a g  c o e f f i c i e n t s  f o r  t h e  c a s e s  c o n s i d e r e d  
a r e  s h o w n  i n  F i g .  1 4  a n d  a r e  a l s o  g i v e n  i n  T a b l e  I I I .  T h e  c o r r e s -
p o n d i n g  c u r v e s  f o r  f u l l y  l a m i n a r  a n d  f u l l y  t u r b u l e n t  f l o w  o v e r  a  
f l a t  p l a t e  a r e  s h o w n  i n  F i g .  1 4  f o r  c o m p a r i s o n .  T h e  g e n e r a l  t r e n d  
o f  t h e  r e s u l t s  i s  v e r y  m u c h  t h e  s a n e  a s  f o r  t h e  s k i n  f r i c t i o n  
c o e f f i c i e n t  r e s u l t s  s h o w i n g  i n  p a r t i c u l a r  t h e  r e l a t i v e l y  s m a l l  
e f f e c t  o f  t r a n s i t i o n  p o s i t i o n  a t  a  M a c h  n u m b e r  o f  5 . 0  a n d  R e y n o l d s  
n u m b e r  o f  1 0 6
.  T h e  c o n t r i b u t i o n  o f  t h e  f o r m  d r a g  i s  i n  g e n e r a l  
s m a l l  a l t h o u g h  i n  t h e  e x t r e m e  c a s e  o f  f u l l y  l a m i n a r  o r  f u l l y  
t u r b u l e n t  f l o w  a t  h  =  5  i t  
c a n  b e  o f  t h e  o r d e r  o f  1 0  -  1 5  p e r  c e n t  
o f  t h e  p r o f i l e  d r a g .  
3 . 5 .  
S e c o n d a r y  e f f e c t s  a n d  t h e  e f f e c t s  o f  r o t a t i o n   
I t  i s  c l e a r  t h a t  w h e r e  t h e  c a l c u l a t e d  d i s p l a c e m e n t  c  
o f  t h e  p r o f i l e  i s  n o t  s m a l l  c o m p a r e d  w i t h  t h e  r A a i u s  o f  c r o s s -
s e c t i o n  f u r t h e r  i t e r a t i v e  c a l c u l a t i o n s  m a y  b e  n e c e s s a r y  t o  e n s u r e  
t h a t  t h e  c a l c u l a t e d  d e v e l o p m e n t  o f  t h e  b o u n d a r y  l a y e r  i s  s u f f i c -  
i e n t l y  c o n s i s t e n t  w i t h  t h e  f i n a l l y  d e t e r m i n e d  p r e s s u r e  d i s t r i b u t i o n .  
I n  t h e  c a s e  o f  t h e  f u l l y  t u r b u l e n t  b o u n d a r y  l a y e r ,  N
0  =  5 ,  
a n d  R
o  
=  1 0
6  
 t h e  c a l c u l a t e d  v a l u e  o f  t h e  r a t i o  e / r
o  
a t  t h e  e n d  
o f  t h e  b o d y  w a s  i n d e e d  o f  t h e  o r d e r  o f  u n i t y ,  a l t h o u g h  i n  
a l l  
 o t h e r  
cases it was considerably smaller. This case was therefore used 
as a test case to assess the effect of a second approximation. 
The skin friction distribution was therefore recalculated using 
the pressure distribution as given at the end of the first stage 
of allowing for boundary layer effects. The results are shown 
in Fig. 15 and it will be seen that the change in skin friction 
in going from the first to the second stage is by no means 
insignificant and it results in an overall increase of the skin 
friction coefficient of about 10 per cent. This effect would 
therefore increase somewhat the small difference given by the first 
stage between the profile drag with fully laminar and with fully 
turbulent boundary layers at high Hach numbers and low Reynolds 
numbers although it would not alter the general trend of a marked 
reduction of this case inherent in the flat plate data which are 
basic to these calculations. 
However, as we have already noted, at the highest Hach 
numbers for this body the effect of rotation which has been 
ignored for these calculations weuld also make on appreciable 
effect on the pressure distribution causing in general an overall 
rise in pressure. This would therefore have a similar effect on 
the calculated skin friction as the change in pressure due to the 
presence of the boundary layer and the effects may well be of 
comparable magnitude. Je may in consequence expect that when 
full allowance is made for these corrections the fully turbulent 
profile drag values for the body will be much closer the flat 
plate value at the Each number of 5.0 than is indicated in Fig. 14. 
Nevertheless it is likely to be smaller than t he flat plate value, 
a possibility which is in interesting amtrast to subsonic results. 
In the further and more comprehensive calculations which 
are contemplated for a range of fineness ratios it is intended to 
make proper allowance for both secondary effects and the effects 
of rotation. 
4.. Conclusions  
The calculations of profile drag for the particular body 
considered indicate that the overall difference in profile drag 
between fully laminar and fully turbulent flow decreases rapidly 
with main stream Hach number and rather more rapidly than does the 
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c o r r e s p o n d i n g  d i f f e r e n c e  
f o r  a  f l a t  p l a t e .  I n d e e d  a t  M a c h  
n u m b e r s  g r e a t e r  t h a n  a b o u t  2  t h e  p r o f i l e  d r a g  o f  t h e  b o d y  w i t h  
f u l l y  t u r b u l e n t  f l o w  i s  l e s s  t h a n  t h a t  o f  t h e  f l a t  p l a t e .  I f  
t h i s  i s  c o n f i r m e d .  b y  m o r e  
c o m p r e h e n s i v e  c a l c u l a t i o n s  a s  a  
g e n e r a l  
r e s u l t  i t  w i l l  b e  o f  s i g n i f i c a n c e  i n  a s s e s s i n g  t h e  v a l u e  o f  
s t r i v i n g  f o r  l a r g e  e x t e n t s  o f  l a m i n a r  f l o w  a t  h i g h  M a c h  
n u m b e r s .  
H o w e v e r ,  t h e  e f f e c t s  o f  r o t a t i o n  i n  t h e  f l o w  i n t r o d u c e d  b y  t h e  
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103  SKIN 	 FRICTION. 	  - C 
= 106  , 	 1 07  = 103  
5.0 	 1.768 	 0.559 0.177 
2.5 1.740 	 0.550 0.174 
1.5 1.624 0.514 0.162 
5.0 1.796 0.652 0.265 
2.5 2.214 1.015 0.536  
1.5 2.558 1.320 0.771  
5.0 1.325 1.024 0.627 
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AFPENDIX 
CE0i TTRY OF THE BODY COI ISIDERED 
The forebody is a circular arc ogive and hence Yiith 




r0 - 2x LH  2r
u  
_ 1 	 = 0 
 1,‘  
The nose angle 0 is given by 
LH  
Sin 0, = 1— D 	 • 
For the particular body chosen T = 	 = 2.5. 
The centre-body is cylindrical and for the particular body chosen 
is of the same length as the head i.e. 1/3. 
The boat-tail is formed from a parabolic arc and is such that if 
its length had been continued to zero cross-sectional radius its 
length 	 be 	 .L 	 where It  is its actual length. In 
consequence the base radius b is equal to? 2  e- . The equation 
of the boat-tail profile is then 
2 
r
o - 2 
D 	 4 
9 x-3 
and its length has also been taken to be 1/3 so that 	 = 2.5. 
2 
The radius of the circular ogive is 1 — 

'El 4 	 
B 




c. PARABOLIC BOAT 
TAIL 
b. CIRCULAR ARC 
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